ABSTRACT: Heritable loss of function mutations in the human RECQ helicase genes BLM, WRN, and RECQL4 cause Bloom, Werner, and Rothmund-Thomson syndromes, cancer predispositions with additional developmental or progeroid features. In order to better understand RECQ pathogenic and population variation, we systematically analyzed genetic variation in all five human RECQ helicase genes. A total of 3,741 unique base pair-level variants were identified, across 17,605 potential mutation sites. Direct counting of BLM, RECQL4, and WRN pathogenic variants was used to determine aggregate and disease-specific carrier frequencies. The use of biochemical and model organism data, together with computational prediction, identified over 300 potentially pathogenic population variants in RECQL and RECQL5, the two RECQ helicases that are not yet linked to a heritable deficiency syndrome. Despite the presence of these predicted pathogenic variants in the human population, we identified no individuals homozygous for any biochemically verified or predicted pathogenic RECQL or RECQL5 variant. Nor did we find any individual heterozygous for known pathogenic variants in two or more of the disease-associated RECQ helicase genes BLM, RECQL4, or WRN. Several postulated RECQ helicase deficiency syndromes-RECQL or RECQL5 loss of function, or compound haploinsufficiency for the disease-associated RECQ helicases-may remain missing, as they likely incompatible with life.
Introduction
The human RECQ helicase gene family was identified in part by efforts to determine the genetic basis for three inherited human diseases, Bloom syndrome (BS; MIM# 210900), Rothmund-Thomson syndrome (RTS; MIM# 268400), and Werner syndrome (WS; MIM# 277700). All three are uncommon (ࣘ1/50,000 live births), autosomal recessive Mendelian diseases that share an elevated risk of cancer together with more variable, syndrome-specific developmental or acquired features.
BS was identified in 1954 by David Bloom, who described three patients with congenital short stature and skin changes reminiscent of systemic lupus erythematosus [Bloom, 1954; German, 1993] . Consistent features include marked intrauterine and postnatal growth retardation; congenital short stature; a characteristic, sun-sensitive "butterfly" facial rash; cellular and humoral immune deficits; an elevated risk of diabetes mellitus; and reduced fertility. Males are typically infertile, whereas females are hypofertile but may give birth to normal offspring [German, 1979] . BS patients are predisposed to a remarkably broad range of cancers, in contrast to other inherited cancer predispositions including RTS and WS [German, 1997] . Cancer is the most common cause of death in BS patients.
RTS was described in 1868 as the familial occurrence of a sunsensitive rash with redness, swelling, and blistering, leading to variable pigmentation with telangiectasias and focal atrophy. These skin changes were often reported in association with bilateral juvenile cataracts [Rothmund, 1868] . Characteristic skin changes typically appear first on the face at 3-6 months of age, and spread thereafter to involve the extremities while sparing the trunk [Rothmund, 1868; Wang et al., 2001; Larizza et al., 2010] . Additional features may include sparse or absent hair, eyelashes, and eyebrows; congenital short stature in conjunction with frequent bone and tooth abnormalities; cataracts; and an elevated risk of primary bone tumorsosteosarcomas-together with lymphoma [Vennos and James, 1995; Wang et al., 2001; Wang et al., 2003a; Larizza et al., 2010] . Immunologic function appears to be intact, and RTS females have given birth to normal offspring, though fertility may be reduced.
RTS is a genetically heterogenous disease. RTS Type II patients have loss of function mutations in the RECQL4 gene (MIM# 603780) , and represent 60%-65% of patients. RTS Type I patients lack RECQL4 mutations, and have a higher risk of developing ectodermal dysplasia and cataracts, though they lack the elevated cancer risk seen in RTS Type II [Wang et al., 2001; Wang et al., 2003a; Larizza et al., 2010] . Two other rare syndromes resembling RTS have been reported in association with RECQL4 mutations: RA-PADILINO syndrome (MIM# 266280) and Baller-Gerold syndrome (BGS; MIM# 218600) [Siitonen et al., 2003; Van Maldergem et al., 2006; Larizza et al., 2010] .
WS, alone among the RECQ helicase deficiency syndromes, has features strongly suggestive of premature aging. WS was described in 1904 by Otto Werner [Werner, 1985] , who identified key clinical findings that include short stature; early graying and loss of hair; bilateral cataracts; and scleroderma-like skin changes [Epstein et al., 1966; Goto, 1997; Tollefsbol and Cohen, 1984] . WS patients are at increased risk of developing important, age-associated diseases such as atherosclerosis, myocardial infarction and stroke; osteoporosis; and diabetes mellitus. Fertility is reduced. Of note, the central nervous system is spared: WS patients are not at elevated risk of Alzheimer or other types of dementia, apart from those associated with vascular disease. In contrast to BS, WS patients are at clearly elevated risk of only five types of cancer [Goto et al., 1996b; Monnat, 2001; Lauper et al., 2013] . The leading causes of death in WS patients are cancer and premature atherosclerotic cardiovascular disease [Goto et al., 2013] .
Cloning of the genes causally linked to BS, RTS, and WS identified three different members of the human RECQ helicase gene family [Ellis et al., 1995; Yu et al., 1996; Kitao et al., 1999] . The remaining two human RECQ helicase genes, RECQL (MIM# 600537) and RECQL5 (MIM# 603781), were identified, respectively, by functional cloning of the gene encoding a potent ATPase and helicase activity in human cell extracts [Puranam and Blackshear, 1994; Seki et al., 1994] , or by sequence-based, homology search-driven cloning [Kitao et al., 1998 ]. Cloning of the disease-associated RECQ helicase genes allowed rapid identification of pathogenic mutations in BS, WS, and RTS patients. RECQL and RECQL5 have not been linked to a heritable disease state. Biochemical, cellular, and mouse model analyses of both proteins indicate that loss of function of either would lead to cellular-and potentially organismal-defects [Wang et al., 2003b; Hu et al., 2007; Sharma et al., 2007; Thangavel et al., 2009] . In similar fashion, no patient has been identified with a compound RECQ helicase deficiency syndrome. Key features of the human RECQ helicase genes and their encoded proteins are shown in Figure 1 .
In order to systematically analyze genetic variation in all five of the human RECQ helicase genes, we assembled a new database of clinically ascertained pathogenic variants in BLM (MIM# 604610), RECQL4 (MIM# 603780), and WRN (MIM# 604611), together with all base pair-level genetic variants reported in the > 60,000 individuals included in the Exome Sequencing Project (ESP), 1000 Genomes Project (1KGP), or Exome Aggregation Consortium (ExAC) data. We determined the frequency and spectrum (types and sites) of RECQ helicase base pair-level variation in patient and population data, together with the frequency of known pathogenic variants, to compare with previous carrier frequency estimates for BS, RTS, and WS. Finally, we extended this analysis to include the RECQL and RECQL5 genes by using experimental data and computational prediction to identify potential pathogenic variation and deficiency syndrome individuals in the human population.
Materials and Methods

Mutation Data Sources
A database of clinically ascertained mutations (hereafter referred to as RECQMutdb) was compiled for the three disease-associated genes, BLM, RECQL4, and WRN, using data from our Werner Syndrome Locus-Specific Mutation Database [Moser et al., 1999] together with additional reports of BLM, RECQL4, and WRN mutations in BS, RTS, and WS patients [Goto et al., 1996a; Oshima et al., 1996; Yu et al., 1996; Matsumoto et al., 1997; Huang et al., 2006; German et al., 2007; Zhao et al., 2008; Siitonen et al., 2009; Friedrich et al., 2010; Simon et al., 2010; Fradin et al., 2013; Agrelo et al., 2015; Yokote et al., 2016] and/or included in the ClinVar database [Landrum et al., 2016] . These germline mutation data were cross-referenced to the Catalog of Somatic Mutations in Cancer (COSMIC) [Forbes et al., 2015] .  Table S1 ).
Human genetic variation data for the five RECQ genes were obtained from the ESP and 1KGP data archives, supplemented with non-TCGA data from ExAC. ESP data were generated as part of the NHLBI-funded GO (Grand Opportunity) Exome Sequencing Project using samples drawn from several well-phenotyped populations (i.e., 4,298 European Americans and 2,217 African Americans) who were sequenced with the goal of discovering new genes and mechanisms contributing to heart, lung, and blood disorders. All study participants provided written informed consent for the use of their DNA in studies aimed at identifying genetic risk variants for disease, and for broad data sharing [Fu et al., 2013] . 1KGP Phase III data includes 2,504 individuals sampled from 26 populations drawn from sub-Saharan Africa, Europe, East Asia, South Asia, and the Americas. The 1KGP Project aimed to identify genetic variation data broadly representative of the vast majority of individuals within a continent, though no phenotype or clinical information is publicly available [Consortium, 2010; Consortium, 2015] . Neither source of genetic variation data would have systematically excluded individuals with a RECQ helicase deficiency syndrome, though it is unlikely such individuals would have been included unless they were asymptomatic (e.g., a younger WS patient). In order to achieve a tradeoff between variant identification sensitivity and genotyping accuracy, only variants with the call rate of ࣙ 80% were used in the following analysis.
Aggregated data on the five human RECQ helicase genes was also downloaded from the ExAC database. This includes exome sequencing data from 60,706 unrelated individuals who were analyzed as part of different disease-specific or population-based genetic studies [Lek et al., 2016] . We excluded overlap samples and data from TCGA to preclude analyzing somatic mutations identified in tumor exomes.
We took the following quality control steps prior to performing analyses. First, where there was a choice we used the highest quality data from respective projects. For example, from 1000 Genomes we used the high quality targeted exome data that had a mean depth of coverage of 65.7× (The 1000 Genomes Project Consortium, 2015) , unlike the lower-coverage of the 1000 Genomes whole-genome sequencing data. Second, we ensured that we used data from all three sources where the false discovery rates (FDRs) of base pair-level genetic variants was controlled under 0.05, as estimated and reported in their original publications (The 1000 Genomes Project Consortium (2015) for 1KGP; Fu et al. (2014) for ESP; and Lek et al. (2016) for ExAC). Third, in order to focus on germline variation, we used accessible sample information from 1KGP, ESP, and ExAC to ensure that we had excluded overlap samples and data from TCGA to avoid including somatic mutations, and any individual annotated to have a RECQ helicase deficiency syndrome. Fourth, for second level of analysis where we needed to use individual genotype data (e.g., the WRN exonuclease, RQC (RECQ consensus), HRDC (helicase and RNaseD C-terminal), and RECQL4 Sld2-like/mitochondrial-targeting domains, as well as the position of nuclear-targeting sequences. The size of each mature protein is listed after each protein model in amino acid residues, followed by a summary of biochemically verified catalytic activities for each protein.
estimation of carrier frequency and carrier patterns) we again applied stringent coverage and quality metrics, using only individuals with deep exome sequencing data from 1KGP (with the mean depth of 65.7×), or corresponding data ESP (with the median depth more than 100×) and equivalent FDRs. As a final quality check, we determined whether the use of data from specific studies might be introducing subtle biases in our combined datasets analyses. This was done by comparing the concordance of results across analyses first performed separately for each data source and ancestry. This analysis made use of allele frequencies from 1KGP and ESP data.
Molecular Spectrum of RECQ Mutations
In order to characterize base pair-level variation in RECQ genes, we focused first on the disease-associated RECQ genes BLM, RECQL4, and WRN, then performed, whenever possible, equivalent analyses on all five of the human RECQ helicase genes (Fig. 1) . These gene sets are referred to below as the disease-associated "three-gene set" and the inclusive "five-gene set." Base pair-level genetic variation was categorized by molecular type: single base substitutions; single base insertions or deletions (indels); and variants of > 1 bp that were either "simple" (e.g., insertion or deletion of multiple base pairs, with no other changes) or "complex" (e.g., combinations of base pair changes, insertions, deletions, or other rearrangements). The largest variant class as defined at the base pair level was indel variants of ࣘ 10 bp. The reference DNA sequence, open reading frame, and inferred protein sequence for each RECQ gene were taken from the most recent RefSeq gene, mRNA, and protein accessions for each gene (accession date: 8 March 2016; see Supp. Table S1 footnote for more detail). The positions of amino acid residues were annotated according to the largest isoform for each gene, and genome sequences from human genome assembly GRCh37.p13. Variants were plotted on the open reading frame and intron/exon junction sequences of each RECQ gene in order to determine the spectrum-the distribution of molecular types and sites-of variation within each gene. We did not systematically analyze RECQ gene copy number variants due to the absence of data and/or a precise molecular characterization of putative pathogenic mutations of >10 bp. Our final dataset included 3,741 unique base pair-level variants, across 17,605 potential mutation sites, in the five human RECQ helicase genes.
Mutation Hotspot Analysis
We used a probabilistic, gene-specific model to determine whether mutations were randomly distributed, and whether there were mutation "hotspots" in the human RECQ genes. This model was developed using population data in ESP, 1KGP, and ExAC, and used to predict the relative probability of observing mutations in a specific gene region. The mutation model incorporates an overall rate of mutation, relative locus-specific rates based on fixed differences between humans and chimpanzees for each gene coding and splice junction sequence, and also takes into account codon structure and transition/transversion ratios (for additional detail see [O'Roak et al., 2012] ). This probabilistic model was also used to determine whether there is enrichment or depletion of variants by gene, functional consequences or location (e.g., in the helicase domain) of a given RECQ protein.
We applied this model by taking a total of N T RECQ variants from our population data (i.e., the number of RECQ variants identified in ESP, 1KGP, and ExAC data), corresponding to N T mutation events assuming an infinite alleles model, and randomly distributed these mutation events, according to their relative probabilities, to obtain the expected mutation distribution in the absence of hotspots. Then, we compared the observed number of genetic mutations identified in ESP, 1KGP, and ExAC data with the expected number by a chisquare test. Mutational hotspots were defined by use of a small sliding window (of 10 or 20 bp) to determine if significantly more genetic variants were observed in a window than expected by chance alone in population data (the chi-square test, P < 0.05).
We assessed the relationship between the distribution of pathogenic and population variants and mutational hotspots using a Mann-Whitney U test. In order to determine whether there might be an underlying sequence-dependent basis for mutational hotspots, we downloaded the coordinates of simple tandem repeats identified by Tandem Repeats Finder [Benson, 1999] from the UCSC Genome Browser [Kuhn et al., 2013] . We also determined the coordinates of CpG sites and their methylation status using ENCODE project data. Reduced representation bisulfite sequencing data were used to quantitatively profile DNA methylation at an average of 1.2 million CpGs in each of 82 cell lines and tissues [Consortium, 2012] . We defined a CpG site as "methylated" when the site was methylated in >80% of molecules sequenced. Fisher's exact test was then used to compare the distribution of simple tandem repeats, CpG and methylated CpG sites across mutational hotspots and non-hotspots. Previous studies have observed an increase in base miscalls and other errors in GC-rich regions sequenced using next-generation sequencing (NGS) technologies [Allhoff et al., 2013] . We thus excluded from further analysis hotspots that contained one or more NGS error-inducing motif.
Imputation of Potentially Pathogenic Human RECQ Gene Variants
Accurately predicting the functional consequences of genetic variation plays a central role in the identification of causal variants for human diseases or traits. In order to identify potential pathogenic variants in the human RECQ helicase genes, we evaluated the ability of the existing annotation methods to correctly identify known pathogenic variants in RECQMutdb and discriminate these from benign variants in WRN, RECQL4, and BLM. A total of 72 benign variants were used for this analysis including (1) "benign" or "likely benign" variants from ClinVar [Landrum et al., 2016] ; (2) likely benign common variants with derived allele frequencies (DAF) > 0.05 in at least one population from ESP, 1KGP, and ExAC data; and (3) fixed substitutions whose allele in human reference sequences is different from the ancestral allele inferred from the six primate EPO alignments [Consortium, 2010] .
Nine functional annotation metrics were evaluated: CADD v1.3 [Kircher et al., 2014] ; http://cadd.gs.washington.edu); DANN [Quang et al., 2015] ; https://cbcl.ics.uci.edu/public_data/DANN/); Eigen v1.1 [Ionita-Laza et al., 2016] ; http://www.columbia.edu/ ii2135/eigen.html); FATHMM [Shihab et al., 2015] ; http://fathmm. biocompute.org.uk/inherited.html); PhyloPNH [Fu et al., 2014] ; http://akeylab.gs.washington.edu/wqfu_files/phyloP_NH.tar.gz); GERP++ [Davydov et al., 2010] ; http://mendel.stanford.edu/ SidowLab/downloads/gerp/hg19.GERP_scores.tar.gz); LRT [Chun and Fay, 2009] ; http://www.genetics.wustl.edu/jflab/data5.html); SIFT [Kumar et al., 2009] ; http://sift.jcvi.org/www/SIFT_chr_ coords_submit.html); and PolyPhen2 [Adzhubei et al., 2013] ; http://genetics.bwh.harvard.edu/pph2/). Comparative evaluation of the performance of these metrics identified CADD as having the best ability to distinguish known pathogenic variants from benign variants across different molecular types of variation. In this analysis, a CADD score of ࣙ 24 lead to a FDR of <0.1. We further imputed all possible single base changes for all five human RECQ helicase gene coding regions, together with their functional consequences (i.e., synonymous, missense, nonsense, and splice-altering). Deleterious predictions were made for all variants identified in ESP, 1KGP, and ExAC exome-sequencing data (n = 3,581), and all possible single base substitutions (n = 32,815). We then examined the distribution of potentially pathogenic variants in ESP, 1KGP, and ExAC over mutational hotspots, and investigated the carrier frequencies and patterns of these predicted deleterious variants in ESP/1KGP data.
Human RECQ Helicase Variant Carrier Frequencies
In order to determine the distribution and frequency of pathogenic RECQ variants in population sequencing data, we focused on 4,298 European Americans and 2,217 African Americans included in ESP data [Fu et al., 2013] , and on 2,504 unrelated individuals with ancestry from five geographic regions (sub-Saharan Africa, Europe, East Asia, South Asia, and the Americas) included in 1KGP data [Consortium, 2015] . In order to avoid the uncertainty of phasing, especially for rare variants, we used only unphased genotyping data. The observed frequencies of pathogenic variants were then used to determine how direct counting of pathogenic alleles compared with previous carrier frequency estimates from BS, RTS, and WS disease data.
We also asked whether individuals with multiple pathogenic variants, in either the same or in different RECQ genes, were observed at the expected frequency in the ESP/1KGP cohorts. Permutation testing was used to evaluate the significance of whether multiple pathogenic variants were more or less frequent than expected. Since only genotype information was considered here, we assumed the independence of loci during the permutation process. Briefly, we randomly resampled individual genotypes for each variant, and summarized the number of pathogenic variants found in each simulated individual. After 10,000 replicates, we compared the observed distribution of pathogenic variants for each individual with the simulated distribution from permutation.
Functional Rescue Potential of Pathogenic RECQ Variants
We examined all pathogenic variants in RECQMutdb in order to determine what subset might be candidates for functional rescue by exon skipping, premature termination codon (PTC or "stop" codon) read-through or small molecule functional rescue. Exon skipping therapies aim to exclude mutant exons from mature mRNAs, and thus have the potential to recover partial function by restoring the downstream protein open reading frame. The potential of exon skipping to restore function was determined by mapping of diseaseassociated variants onto exons for the three disease-associated RECQ helicases, and then determining whether the skipping of the variantcontaining exons would restore the downstream open reading frame. For simplicity and with an eye to potential clinical applicability, we investigated only instances in which the skipping of single exons both removed a pathogenic variant and restored the downstream open reading frame. The potential of PTC read-through function was assessed by determining the fraction of pathogenic premature termination codons that were within 50 nucleotides of the last exon-intron junction, and thus had the highest likelihood of being rescued by PTC read-through to escape nonsense-mediated decay [Huang and Wilkinson, 2012; Keeling et al., 2014] .
Results
Molecular Spectrum of RECQ Mutations
We first assembled a dataset consisting of known pathogenic RECQ variants in BLM, RECQL4, and WRN, together with variants in all five genes included in ESP, 1KGP, and ExAC project data. This approach identified 211 pathogenic variants that we captured in a newly constructed database of pathogenic RECQ variants (RECQMutdb; Supp. Table S1 ), and a non-redundant set of 3,581 additional genetic variants from ESP (n = 674), 1KGP (n = 611), and ExAC (n = 3,479) data. Among these population variants, 2,606 were in the three disease-associated RECQ helicase genes BLM, RECQL4, and WRN. The vast majority of variants in ESP, 1KGP, and ExAC data-95.6%-were single base substitutions. In contrast, the distribution of pathogenic variants in BLM, RECQL4, and WRN in RECQMutdb data displayed a broader distribution of molecular variant types with a substantially larger fraction of variants, 40.2% indels or more complex variants, with a higher likelihood of leading to loss of function (Table 1) .
In order to determine whether we might be systematically under sampling specific gene regions by virtue of capture or sequencing methods [Clark et al., 2011; Sulonen et al., 2011; Sims et al., 2014] , we compared variant densities based on a 10-bp window analysis between the first or last exon with middle exons of each RECQ gene. Except for a significantly low density in the first exon of RECQL4, no significant difference was observed for any other human RECQ helicase gene region (Supp. Fig. S2 ). A second analysis we performed showed that the distribution of base pair positions where we had "no calls"(no identified variant at that bp position) was uniformly distributed across the RECQ genes (additional results not shown).
These results indicate that we were not systematically or significantly under-sampling RECQ gene regions for variation.
As a final quality check we compared the allele frequencies for variants identified in both 1KGP and ESP data, and found they were highly concordant, with a Pearson coefficients of 0.998 between individuals with African ancestry in 1KGP and African American ESP samples, and 0.999 between individuals with European ancestry in 1KGP and European American ESP data (P < 10 -15 ). These results, shown in Supp. Figure S1 , indicate that the use of data from different studies was unlikely to be introducing subtle or systemic biases in our combined datasets analyses.
Functional Consequences of RECQ Variants
Among 211 RECQMutdb variants, all, except two, were predicted to affect protein structure and/or function by creating a frameshift (79, 37.4%); introducing a nonsense codon (53, 25.1%) or missense substitution (43, 20.4%); by disrupting splicing (30, 14.2%); or by inserting or deleting codons while preserving the open reading frame (4, 1.9%). In contrast, BLM, RECQL4 and WRN variants in ESP, 1KGP, and ExAC data were enriched for missense-generating variants (Chi-square test, P = 3.33 × 10 -27 ) and depleted for synonymous and nonsense variants (Chi-square test, P = 6.42 × 10 -33 and 0.002, respectively). Indels were enriched among population variants, with 71.3% of these predicted to lead to a frameshift (Chisquare test, P = 5.08 × 10 -8 ). Most of these indels were only reported in ExAC data.
The same distribution of predicted variant consequences was observed when all five RECQ helicases were examined using ESP, 1KGP, and ExAC data ( Fig. 2A) : a high proportion of missense-generating variants (2,280, 63.7%), followed by synonymous (1,006, 28.1%), nonsense (76, 2.1%), splice-altering (61, 1.7%) and indel-inducing variants (158, 4.4%). A majority of indel variants (73.4%) were predicted to lead to frame shift or splice site disruptions, while 26.6% resulted in the addition or removal of a codon while preserving the open reading frame (Fig. 2A) .
We also mapped variants onto major RECQ helicase functional domains: the RECQ helicase consensus (RQC or RECQ consensus), HRDC (helicase and RNaseD C-terminal) WRN exonuclease, and RECQL4 Sld2-like/mito-targeting domains (Fig. 1) . RECQMutdb variants were enriched in the helicase domains of BLM, RECQL4, and WRN (Chi-square test, P = 2.26 × 10 -5 ). In contrast, no variant class was overrepresented in functional domains in ESP, 1KGP, or ExAC data, whereas population variants were depleted from HRDC and Sld2 domains (Chi-square test, P = 0.03 and 3.90 × 10 -7 , respectively) (Fig. 2B ).
Mutability and Mutation Hotspot Analysis
The distribution of sequence variants was comparatively uniform by visual inspection across the open reading frames of all five RECQ helicases (results not shown). We used population variation data to determine whether specific RECQ helicase genes or gene regions were disproportionately mutable, and to identify mutation hotspots in all five RECQ helicase genes. We also determined whether specific DNA sequence features might be promoting specific molecular classes of mutations. WRN was the most mutable (Chi-square test, P = 8.90 × 10 -7 ) and RECQL4 the least mutable (Chi-square test, P = 3.10 × 10 -6 ) among the three disease-associated RECQ helicase genes (Fig. 2C) . In ESP, 1KGP, and ExAC data, WRN was not enriched or depleted in variants (Chi-square test, P = 0.18), whereas RECQL4 was slightly enriched (Chi-square test, P = 0.022), and BLM significantly depleted (Chi-square test, P = 1.59 × 10 -4 ). A five gene analysis confirmed the significant depletion of BLM variants in ESP, 1KGP, and ExAC data (Chi-square test, P = 5.59 × 10 -5 ), and identified RECQL as the most mutable of the five RECQ helicase genes (Chi-square test, P = 9.63 × 10 -5 ; Fig. 2C ). Mutational hotspots were next identified using a previously developed, gene-specific probabilistic mutation model [O'Roak et al., 2012] . Hotspots of both 10 and 20-bp were identified based on significant enrichment for variants compared with expectation (Chi-square test, P < 0.05). The 10 and 20-bp window sizes were chosen to avoid very short windows that might exclude hotspots consisting of nucleotide runs or repeats, as well as longer windows (ࣙ50-bp) that might reduce the sensitivity of hotspot detection by averaging out signal over a large number of nucleotides. Hotspots, once identified, were examined for an over-representation of known mutable sequences including tandem repeats; CpG and methylated CpG dinucleotides within or bridging hotspot boundaries; and sequence motifs associated with elevated NGS error frequencies.
In a three-gene analysis using a 10-bp window, 52 mutational hotspots were identified in ESP, 1KGP, and ExAC data. The corresponding number identified using a 20-bp window was 43 hotspots. A five-gene analysis using a 10-bp window identified 87 mutational hotspots in ESP, 1KGP, and ExAC data that included the 52 mutational hotspots identified in BLM, RECQL4, and WRN. The corresponding number identified using a 20-bp window was 67 (Fig. 2D) . Pathogenic variants were significantly enriched in both 10-bp (Mann-Whitney test, P = 0.016) and 20-bp (Mann-Whitney test, P = 7.98 × 10 -4 ) hotspot windows defined using ESP, 1KGP, and ExAC data. When using a 10-bp window, 13.9% of all RECQ variants from ESP, 1KGP, and ExAC were located in hotspots despite their representing only 4.7% of the total mutable sequence, a 3.25-fold enrichment. Among pathogenic variants contained in HUMAN MUTATION, Vol. 38, No. 2, 193-203, 2017 Figure 2. Functional consequences and domain mapping of RECQ variants and the identification of RECQ mutation hotspots. A: The number of observed variants in RECQMutdb, ESP, 1KGP, and ExAC data, respectively, was compared with expectation as a function of predicted functional consequence. Splice-altering variants were counted based on SNVs only. Indels were counted based on the generation of splice alterations, frameshifts, or the addition/loss of a codon while preserving reading frame. B: The distribution of RECQ variants by variant source across RECQ protein (helicase, RQC, HRDC, exonuclease, and SLD2-line/mitochondrial targeting) domains. C: The mutability of human RECQ helicase genes in population data (i.e., ESP, 1KGP, and ExAC) and in RECQMutdb, respectively. The number of observed variants in RECQMutdb or in ESP, 1KGP, and ExAC, respectively, was compared with expectation in RECQ genes (i.e., WRN, RECQL4, BLM, RECQL, and RECQL5) by chi-square tests between the observed and expected numbers of variants. Significant results (P < 0.05) were marked with over-represented variants by triangles and under-represented variants by "x" for each gene. D: Mutation hotspots identified using population variation data. A total of 87 hotspots were identified by a 10-bp window analysis in the five RECQ genes, listed left to right along a horizontal axis in their chromosomal location order. The location of each hotspot (identified by a chi-square test P < 0.05 indicated by the dotted line) is indicated by gene-specific, color-coded dots, with hotspot significance in population data indicated by the -log 10 (P) value above the horizontal line. The top eight mutation hotspots indicated by their -log 10 (P) values are highlighted by black triangles. RECQ pathogenic variants are plotted by location below the horizontal line, with the number of different variants per window indicated.
RECQMutdb, 14 (6.6%) were located in 14 mutational hotspots defined by ESP, 1KGP, and ExAC data, a 1.66-fold enrichment.
Neither hotspot length class was significantly enriched for repeat sequences (Fisher's exact test, P = 0.68 and 0.17 for the 10 and 20-bp window, respectively), though both were significantly enriched in CpG dinucleotides (Fisher's exact test, P = 0.0025 and 0.046 for 10 and 20-bp windows, respectively) and methylated CpG sites (Fisher's exact test, P = 0.0015 and 0.019 for 10 and 20-bp windows, respectively).
Previous studies have observed an increase in base miscalls and other errors in GC-rich regions analyzed by NGS [Dohm et al., 2008] . Thus, we determined whether 91 NGS error-prone sequence motifs [Allhoff et al., 2013] were present or enriched in our 10 bp hotspots. Four of 87 mutational hotspots contained an error-inducing sequence motif, with modest enrichment of error-inducing sequence motifs across all mutation hotspots compared with non-hotspots (Fisher's exact test P = 0.03, OR = 3.91 (1.31ß11.64)). Mutation hotspots of 10 bp that lacked NGS error sequence motifs were still enriched for CpG and methylated CpG sites (Fisher's exact test, P = 0.0037 for CpG sites, and 0.004 for methylated CpG sites, respectively).
All of the RECQ helicase genes, except BLM, harbored at least one of the "hottest" 10% of hotspots as determined by variant enrichment. These eight hotspots are GC-rich (66% GC), and contained 56 population and 1 RECQMutB variants with 5 to 10 variants mapping in each hotspot window. Hottest hotspot variants were nearly all (98.3%) base substitutions, with nearly equal numbers of transitions (26) 
Human RECQ Helicase Carrier Frequencies and Patterns
A quarter (51, 24.2%) of the pathogenic variants contained in RECQMutdb was also present in ESP, 1KGP and ExAC population data (Supp . Table S1 ). There were 20 nucleotide positions at which we observed both pathogenic and population variants that led to different predicted protein changes, and four nucleotide positions at which different variants observed in RECQMutdb and in population data were predicted to lead to the same protein change.
We determined the distribution of pathogenic RECQ variants in 9,019 individuals included in ESP and 1KGP data in order to identify individuals who carried zero, one, or more than one pathogenic variant in one or more RECQ gene. Among the 51 variants present in RECQMutdb and population data, 25 were found in ESP and 1KGP data. Among 9,019 ESP/1KGP individuals, 2.28% (206/9,019) carried at least one pathogenic derived allele. Carrier frequencies ranged from 2.12% (191/9,019) for WRN, through 0.11% (10/9,019) for RECQL4 to 0.06% (5/9,019) for BLM. This variability in carrier frequency is largely driven by population-specific high frequency alleles in WRN. For example, when we evaluated allele frequencies in different populations in populations with African ancestry, we observed a high DAF of > 0.01 that was driven largely by rs11574395:G>A only in African populations, whereas the frequency of this allele was < 0.01 in other populations. A similar situation pertained for rs3087425:C>T, which predominated only in American samples, where the DAF was again >0.01.
Eight putative RECQ deficiency syndrome individuals (8/9,019, 0.089%) were identified, including four individuals homozygous for pathogenic mutations in both the WRN or RECQL4 genes (Table 2) . Among 206 carriers of pathogenic variants, two carried more than one pathogenic variant in WRN, and two carried more than one pathogenic variant in RECQL4. No individual carried (1KGP_SAS), and 347 Americans (1KGP_AME). The observed (Obs.) and expected (Exp.) number of individuals who carried none, one, or more than one pathogenic variant were categorized into four groups: (0,0), (S, S), (M,S), and (M,M) individuals carried, respectively, no variants in any RECQ gene, 1 variant in one gene, >1 variant in one gene, or >1 variant in multiple genes, respectively. The observed distribution was compared with the expected one from 10,000 permutations.
multiple pathogenic variants in more than one RECQ gene. These observed carrier frequencies and patterns did not differ from expectation (10,000 permutations, P > 0.05) ( Table 2) .
Identification of Potential Pathogenic Variants in RECQL or RECQL5
Known pathogenic variants of RECQL or RECQL5, defined by their occurrence in a heritable Mendelian disease phenotype mapping to the RECQL or RECQL5 genes, have not yet been identified. In order to determine whether these two genes might harbor cryptic human disease-promoting variation, we used computational prediction to identify potential pathogenic variants, then searched for these variants in our three population sample datasets.
There is abundant evidence that the loss of function of RECQL or RECQL5 can confer deleterious organismal and/or cellular phenotypes. The RECQL gene has homologues in several model organisms including Xenopus, mouse and chicken. Among these organisms, only RECQL knockout mice have been generated thus far. Though viable, embryonic fibroblast of these mice display aneuploidy, spontaneous chromosomal breakage and frequent translocations [Sharma et al., 2007] . Depletion of RECQL protein also sensitizes human cells to ionizing radiation and camptothecin, and increases both spontaneous (-H2AX foci and sister chromatin exchanges [Sharma et al., 2007] . Recent breast cancer sequencing analyses have revealed several deleterious RECQL variants that may be strong breast cancer predisposition alleles. These include five missense mutations that have been verified to disrupt the helicase activity of RECQL protein (p.Ala195Ser, p.Arg215Gln, p.Arg455Cys, p.Met458Kys, and p.Thr562Ile), and several additional variants with a high likelihood of disrupting RECQL structure and/or function: c.634C>T, p.Arg215 * ; and c.1667 1667+3delAGTA, p.Lys555delinsMetTyrLysLeuIleHisTyrSerPheArg [Cybulski et al., 2015] , together with nonsense mutations (p.Leu128 * , p.Trp172 * , and p.Gln266 * ) and a single variant predicted to affect mRNA splicing (c.395-2A>G) [Sun et al., 2015] .
The human RECQL5 gene has homologues in many model organisms, including mouse, C. elegans, Drosophila melanogaster, and Xenopus. Among these, only knockout mice have been generated. Embryo fibroblasts from Recql5 knockout mice display chromosomal instability and high levels of sister chromatin exchange though a normal LOH frequency, elevated levels of Rad51 and (-H2AX foci and a predisposition to cancer [Hu et al., 2007] . D. melanogaster lacking RecQ5 displays mitotic defects, chromosomal aberrations, and nuclear dysmorphology during early development [Nakayama et al., 2009] . As was observed for RECQL, the depletion of RECQL5 from human cells leads to transcriptional stress and associated genomic instability [Saponaro et al., 2014] . One RECQL5 substitution of p.Lys58Arg in the helicase consensus domain has also been shown to abolish RECQL5 ATPase and helicase activity [Garcia et al., 2004] .
In order to identify additional, potentially pathogenic human RECQL and RECQL5 variants, we first determined the performance of several widely employed algorithms to correctly identify known pathogenic variants contained in RECQMutdb. Our rationale was that the best algorithm(s), as assessed by their ability to correctly identify known pathogenic human RECQ variants, would have a higher likelihood of predicting additional, potentially deleterious variants in RECQL and RECQL5. For this assessment we used area under the curve (AUC) values to discriminate between pathogenic variants in RECQMutdb (n = 211) and known benign variants (n = 72). Nine annotation metrics were tested individually: CADD, DANN, Eigen, FATHMM, PhyloP NH , GERP++, LRT, SIFT, and PolyPhen2. With the exception of CADD, all of these metrics can only annotate single base variants or, as in the case of SIFT and PolyPhen2, only missense variants. From Receiver Operating Curve (ROC) plots, four of these methods displayed the highest discrimi- (Fig. 3A) . We chose to use CADD for subsequent analyses as it performed nearly as well as the best alternative approaches, and was more versatile in being able to annotate variants of different molecular and functional types. Predicted pathogenic variants were defined by a CADD score of ࣙ24, corresponding to the FDR of 0.1 (Fig. 3A) .
This approach identified 1,053 potentially pathogenic RECQ variants in ESP, 1KGP, and ExAC: 263 in RECQL4, 255 in WRN, 211 in BLM, 180 in RECQL5, and 144 in RECQL. The type distribution of variants by predicted consequence included 853 (81.0%) missense, 73 (6.9%) nonsense, 32 (3.0%) splicing-altering, 92 (8.7%) frameshift, and 3 (0.28%) codon insertion/deletion variants (Fig. 3B) . When compared with all imputed single-base variants in the five human RECQ helicase genes, predicted pathogenic missense variants were significantly underrepresented in population data (Fisher's exact test, P = 0.016, OR = 0.899 (0.823-0.98)) (Fig. 3B) . These predicted pathogenic variants were also significantly enriched in mutational hotspots (Mann-Whitney test, P < 10 -16 for a 10-bp hotspot window, and P = 7.52 × 10 -9 for a 20-bp hotspot window): 16.6% of the potentially pathogenic variants were located in 10-bp hotspots, corresponding to a 4.02-fold enrichment (Fig. 3C) .
A total of 294 potentially pathogenic variants were found in ESP (n = 185) and 1KGP (n = 151) data. The number carried by individuals displayed a wide range: 1.304 and 0.639 for African American and European American samples in ESP, respectively; and 1. 633, 0.728, 0.28, 0.914, and 1.15 for African, European, East Asian, South Asian, and samples from the Americas in 1KGP, respectively. Nearly one third (26.5%, 2,394 / 9,019) of individuals from ESP/1KGP carried at least one predicted pathogenic derived allele, and 63 individuals (0.69%, 63/9,019) carried a predicted pathogenic variant in homozygous form: 46 in BLM, 15 in RECQL4 and 2 in WRN. Among the predicted deleterious variants in RECQL and RECQL5 was a single substitution in RECQL5 that had been experimentally verified to suppress WRN helicase activity (p.Lys58Arg) [Popuri et al., 2013] and multiple missense substitutions known to interfere with RECQL5-RNA polymerase II binding: p.Glu584Asp, p.Glu584Ala, p.Tyr597Ala, p.Cys553Ala, p.Leu556Asp, p.Leu602Asp, p.Lys939Ala, and p.Arg943Ala. Also identified as potentially deleterious was an p.Arg550Ala substitution that appears to destabilize RECQL5 protein by interfering with folding [Islam et al., 2010] . Of note, we identified no individuals (0/9,019) homozygous for biochemically verified or predicted pathogenic variants in RECQL or RECQL5 (Table 3 and additional results not shown).
Potential for Mutation-Specific Functional Rescue
In order to determine whether pathogenic RECQ variants might be good candidates for mutation type-specific therapies, we determined which of the variants in BLM, RECQL4, and WRN might be amenable to therapeutic exon skipping or stop codon read-through [Huang and Wilkinson, 2012; Keeling et al., 2014; Touznik et al., 2014; Veltrop and Aartsma-Rus, 2014] . BLM, RECQL4 and WRN collectively consist of 78 exons, of which 20 (or 25.6%) can be "skipped" or excluded from a mature, spliced mRNA without disrupting the downstream protein open reading frame. While these "skippable" exons collectively contained 19% (40/211) of RECQ disease-associated mutations, the skipping of only four of these exons would restore a protein open reading frame without deleting a known, functionally important RECQ protein domain (Supp . Table S1 ).
Among the 3,506 base substitutions identified for all five RECQ helicases in RECQMutdb, ESP/1KGP, and ExAC data, there were 113 (3.2%) that created a new nonsense codon (stop-gain variant). Of these, 51 were in RECQMutB, where they represented a quarter (24.2%) of all variants (Supp. Table S1 ). Despite their prevalence, none of these stop-gain variants in a disease-associated RECQ helicase was located within 50 nucleotides of the terminal intron-exon junction where they would present the best target for premature termination codon read-through. There has been one report of aminoglycoside and ataluren/PTC-124 treatment leading to stop codon read-through of a novel homozygous c.3767C>G, p.Ser1256 * WRN mutation, with apparent partial restoration of full length WRN protein and the recovery of WRN-related functions [Agrelo et al., 2015] . In light of this report, we extended our analysis to identify eight additional nonsense codons in the last 600 bp/200 residues of the disease-associated RECQ helicases that might be suitable targets for stop codon read through: 1 in BLM, 3 in RECQL4, and 4 in WRN (Supp . Table S1 ). Further biochemical characterization of these alleles may identify a subset that can be rescued by stop codon read-through. There have been no reports thus far of targeted RECQ exon skipping, or of other small molecule rescue pharmacologic or chemical chaperone treatment in the context of a RECQ helicase deficiency syndrome [Leidenheimer and Ryder, 2014] .
Discussion
The human RECQ helicase proteins play a number of important roles in DNA metabolism. Heritable loss of function mutations in three family members lead to the recessive disorders BS, WS, and RTS and related disorders (RAPADILINO and BGS) [Larsen and Hickson, 2013; Croteau et al., 2014] . Our aim here was to determine the frequency, spectrum (types and sites), and predicted functional consequences of base pair-level genetic variation for all five of the human RECQ helicase genes. Base pair-level variants of three molecular types-base substitutions or single nucleotide variants (SNVs), and insertion-deletion (indel) mutations of ࣙ 1 bp-were present in all five RECQ helicase genes, with an ninefold higher frequency of variants predicted to affect function among variants ascertained in RECQ syndrome patients than in population data (40.2% of patientascertained variants vs. 4.4% in population samples). One molecular class of variant-complex mutations involving the insertion and/or deletion of > 1 bp-was observed only in WS and BS patients ( Table 1 ). All of the human RECQ helicase genes contained mutation hotspots identified by a probabilistic gene-specific mutation model, though only a minority of these hotspots contained additional clues (e.g., methylated CpG dinucleotides) that might explain enhanced mutability.
RECQ pathogenic genetic variation was also readily identified in population data: over 2% of ESP/1KGP individuals (2.28%, or 206/9,019) carried at least one pathogenic derived allele. WRN had the highest carrier frequency for pathogenic variants (2.12%; 191/9,019), followed by RECQL4 (0.11%; 10/9,019) and BLM (0.06%; 5/9,019). The carrier frequency for WRN was approximately double the highest previous estimate of the frequency of pathogenic alleles, whereas the estimates for BLM and RECQL4 more closely approximated prior estimates for these diseases derived from case-based counting and/or consanguinity-based estimation methods [Epstein et al., 1966; Goto et al., 1981; Cerimele et al., 1982; Oddoux et al., 1999; Shahrabani-Gargir et al., 1998; Fares et al., 2008; Olry, 2015] . The higher WRN carrier frequency was being driven largely by population-specific alleles that varied in frequency, as noted above. We identified potential WS and RTS patients among 9,019 ESP/1KGP individuals, though failed to identify any individual who carried one or more known pathogenic variant in different RECQ genes (Table 2) .
We extended this analysis of population-level variation to all five of the human RECQ helicase genes by systematically predicting putative deleterious variants across all five human RECQ helicase genes. This approach revealed that a quarter (26.5%, 2,394/9,019) of ESP/1KGP individuals carried at least one predicted deleterious derived RECQ allele, with 63 individuals (0.69%, 63/9,019) homozygous for predicted pathogenic variants in BLM (n = 46), RECQL4 (n = 15), or WRN (n = 2). In contrast, we identified no individuals homozygous for verified or predicted pathogenic variants in RECQL or RECQL5, or who carried ࣙ 1 known or predicted pathogenic variant in more than one RECQ helicase gene.
Our results suggest that RECQL or RECQL5 loss of function or compound haploinsufficiency for two or more of the diseaseassociated RECQ helicase genes may remain among plausible but "missing" diseases by virtue of embryonal lethality. We identified few known pathogenic variants in BLM, RECQL4, or WRN that were good candidates for either exon-skipping or stop codon readthrough therapies, though note that this question has not been systematically examined as yet for any RECQ helicase gene.
In this study, we used newly available human genetic variation data from high-quality exome sequencing of more than 60,000 individuals. Despite this large sample size, we note that our population sample captured only a quarter of clinically ascertained pathogenic RECQ gene variants, and that current exome capture and variant calling technologies are less than perfect. Additional analyses of the questions raised here, using improved capture and variant calling methods and substantially larger sample sizes, would be welcome to help confirm and extend our results.
